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grinding, an etching method was developed for preparing recessed alkali halide specimens. The onset of breakdown appeared as a sudden current discontinuity (Figs. 2 and 3);5) prior to breakdown its value is only of the order of 10-amp; hence, thermal breakdown is excluded as the primary cause of failure. In addition, von Hippel 1 ' 2,4,6,7) discovered the "direction-breakdown" effect; within the 1) A. R. von Hippel, Z. Physik 75, 145 (1932) .
2) A.R. von Hippel, ibid. 88, 352 (1939) .
3) A.R. von Hippel, J. Appl. Phys. 8, 815 (1937) . 4) A.R. von Hippel, Z. Elektrochem. 75, 506 (1933) .
5) A. R.. von Hippel, Phys. Rev. 54, 1096 (1958 .
6) A. von Hippel, Z. Physik 67, 707 (1931) .
7)
A. von Hippel, ibid. 68, 309 (1931) ; J. W. Davisson, Phys. Rev. 70, 685 (1946); 73, 1194 73, (1948 73, )7--M. Caspari, ibid. 98, 1679 73, (1955 . replaced by silver ions8) (Fig. 4) . In mixed Fig. 3 . Dark current in NaCi, crystals at constant temperature the breakKBr, and RbI on a reduced field scale. (After von down strength traverses a maximum as a Hippel. 5)) 8) A. von Hippel and G. M. Lee, Phys. Rev. 59, 824 (1941) .
-4-function of composition3) (Fig. 5 and avalanche formation were the ultimate causes of breakdown in solid dielectrics, 1,3,6,7) and that excitation of vibrations represents the main friction barrier, in contrast to that of quantum transitions in the electronic system for gas breakdown. 0  20  40  60  80  KBr  KCI  80  60  40  20  0  KCI  80  60  40  20  0 Per c e n t As a qualitative description of the friction-barrier process we can think of an electron in the conduction band of a solid being accelerated by an applied electric field and at the same time losing energy through the excitation of lattice vibrations. Since a slow electron has not enough energy and a fast one not enough time to excite a lattice vibration, a plot of energy loss versus energy traverses a maximum, as does the applied field necessary to accelerate an electron of a given energy. It is this maxim-um field region which von Hippel 1' 6) recognized as the breakdown strength of the material since from here on an electron can be accelerated, produce impact ionization, avalanche 0 formation, and destruction of the insulator. Since the number of lattice vibrations increases with temperature, electrons become more effectively scattered; thus the breakdown strength exhibits a positive temperature coefficient. The admixture of foreign ions into the crystal lattice also increases electron scatteringthereby increasing the breakdown strength of mixed crystals.
The occurrence of a maximum in the d-c breakdown-strength temperature characteristic posed a problem. It lies at a temperature where the thermal conductivity of alkali halide single crystals is still high, probably excluding thermal breakdown as a cause. Von Hippel and Alger n) showed that when impulse voltages were used instead of d-c, this temperature dependence flattened out and the maximum disappeared (cf. Fig. 7 ). They suggested that the buildup of a cathode fall and the preparation of the cathode for electron emission is favored by time and temperature; hence, the temperature dependence might be caused by the condition of the cathode. Tommerature OC
The behavior of the breakdown strength of a solid at very low temperatures, where the density of lattice vibrations is very low, is of fundamental importance to our understanding of breakdown. If electron scattering by phonons is primarily responsible for retarding the accelerating action of the applied field, one might expect a low value for the breakdown strength when the lattice vibrations have been put to rest at liquid-helium temperature. If, on the other hand, the distortion of the lattice by the electron's electric field
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A. von Hippel and R. S. Alger, Phys. Rev. 76, 127 (1949) . zation on the cavity surface had to be modi- 
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Glow discharge bar undercut around the cavity rim tending to interrupt electrical contact between the gold films on the sample top and in the cavity, some silver paint or Eccobond 56C was applied at this danger zone. Contact with the sample was made outside the cavity to avoid damaging the critical area.
B. Sample Holder
Since one sample holder could not be used for measurements over the entire temperature range under investigation, modifications of a basic design were made to extend our measurements to 4.2 0 K. Above 77 0 K, pressurized nitrogen, or in some cases liquid insulators, could be used as an ambient medium to suppress surface discharges. Liquid nitrogen or helium proved unserviceable because the samples shattered during breakdown, making a * post-mortem examination of breakdown path and sample thickness impossible.
Helium gas as imbedding medium avoided this difficulty but its electric strength is much lower than that of nitrogen. Hence the samples had to be very thin and the sample holder had to be designed for minimum helium consumption and freedom of predischarges.
The standard coaxial sample holder and pressure vessel for pulse and 2850GT resin and Teflon.
After the bomb, filled with pressurized helium, proved gas-tight, the electric strength of helium as a function of pressure was determined at room temperature and at 770K to establish its usefulness as an ambient medium below liquid-nitrogen temperature.
A gap was formed by a 0. 055-cm thick slice of capillary tubing. The results of Fig. 12 show that the breakdown strength of helium at 770K is about three times the value obtained at room temperature, illustrating a density effect. Helium at 300 psi and 77 K could therefore serve as an ambient medium at this temperature, provided the field strength in the gas space could be kept sufficiently low. This requirement was satisfied by the cavity-type specimen shape.
To evaluate the possibility of using helium vapor as an ambient at 4.2°K, its diameter was trimmed to 1 inch allowing insertion of the array into the helium Dewar with enough clearance to avoid freezing-in. The breakdown strength of helium vapor at 1 atm and 4. 2 K was found to be 120 kv/cm. Helium vapor would therefore serve as an acceptable ambient medium at 40K provided the electric-field intensity was kept sufficiently low.
The breakdown experiments on KC1 were carried out in helium vapor with the modified sample holder ( Fig. 13) served as reference bath. Since the thermocouple sensitivity below liquidnitrogen temperature is low, a K-3 potentiometer (Leeds and Northrup) was used for the emf measurement (error + 0.50K).
The sample configuration and holder design effectively avoided predischarges in the gas medium surrounding the sample so that measurements in nitrogen at atmospheric pressure could be made at 77 K. Here slow cooling was provided by replacing the copper block in Fig. 13 with a copper cone and cooling the holder by slowly immersing the cone in liquid nitrogen.
This adaptor was not required for measurements below 770K because the temperature gradient along the neck of the helium storage vessel proved adequate for slow cooling. at the sample holder pulled away. Furthermore, the cable's center conductor was pulled back into its own insulation on repeated cycling to low temperature,thus ruining electrical contact. Teflon is excellent for lowtemperature operations because it resists cracking on sudden immersion in liquid nitrogen or helium and retains some ductility at 4. 2 0 K. However, its large thermal coefficient of expansion and its thermal memory make it unsuitable for situations demanding dimensional stability at low temperatures.
A connector and cable design compensating for the thermal effects was attempted. A cable was constructed with an outer conductor of thinwalled (0. 007 inch thick) stainless steel tubing, to keep helium loss low, and with the dielectric and center conductor core of the RG87A/U cable Research, 15) has two outstanding mechanical properties for low-temperature applications: a thermal coefficient of expansion about equal to that of stainless steel (15 xlO-6 in/in/PC) and a remarkable resistance to cracking when subjected to severe thermal shock. Since it adheres very well to metals, it can also be used for low-temperature metal-to-metal bonds.
The uncured resin-catalyst mixture has a serious drawback for high- (Fig. 16 ).
•-Center The injection cylinder which was later attached to the copper tubing contained a measured quantity of resin heated to 90 0 C. After carefully adding catalyst No. 11 (4% by weight) to avoid bubble formation, the hot cylinder and its contents were placed in a desiccator and vacuum was applied for ten minutes to remove bubbles. With piston inserted, the cylinder was mounted in a vise, connected to the copper tube leading into the cable shell, and the resin forced in very slowly to avoid turbulence (cf. Fig. 16 ). This process was kept up until resin exuded at the vent. The vent was then sealed, the vise tightened, and the remainder cured under pressure for several hours at 100 0 C.
After curing, a length of about 1i inches was carefully machined off each end to remove the centering plugs and the section containing voids formed during injection. The cured resin is not machineable with the usual tools; the rough turning was therefore done with Carbaloy and the final finishing with a diamond cutting wheel. The second section was made in the same way. Circular grooves at both ends of each piece were cut with a diamondcore drill, and the connectors attached with the same resin to avoid destroying the insulator by the heat of soldering.
Both cable sections wez e locked together to give the desired length, with electrical continuity along the center conductor maintained by a 0. 020-inch phosphor bronze pin split at both ends, fitting into holes drilled in both wires.
The high-voltage insulation at the joint was formed by a Teflon sleeve fitting into the circular grooves. This design provided a path of sufficient length to avoid breakdown at the joint. Figure 16 shows the finished product. Since 20-kv resistors having good high-frequency characteristics apparently do not exist, a pure capacitive voltage divider was used in the pulse generator, instead of a capacitance-compensated resistive divider, to examine the high-voltage pulses applied to the specimen. A short polyethylene coaxial cable (RGl1/U) served as the capacitance CI; it withstood potentials up to 20 kv without developing corona. A 1000-picofarad mica capacitor for C 2 provided a voltage divider ratio of 94:1 (Fig. 20, p. 23 ).
The response of this divider to a pulse having a rise time of ca. 5 nanosec, produced by a mercury-relay pulse generator, proved excellent. Its accuracy under operating conditions was checked by measuring pulses up to 10 kv with a Tektronix P6013 probe. The agreement was well within the accuracy limits of the oscilloscope. The oscilloscope plus divider gave an accuracy of +5% for impulse-voltage measurements.
The trigger generator (Figs. 18, 19 ) is put into operation by a push button energizing a relay. On closing, this relay applies 550 volts through All capacitors in 1f -450 to -650v All resistors in n0. 
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which is applicable to a small sampling of a total population. The standard deviation, a measure of the scatter in experimental data, runs from 3% to a maximum of 9%.
As seen in Fig. 22 , the electric strength of KC1 does not change appreciably below 77 K. The breakdown strength at 4.2°K is nearly equal to the value at liquid-nitrogen temperature. The electric strength rises above 770K at a rate of approximately 1. 6 kv/cm per 0 K, then traverses a maximum at about 360 K and starts to drop. At 425 K it has fallen to a value of 1. 04
Mv/cm, slightly lower than that at room temperature. The accuracy in pulse-voltage measurement was within +5%, so that the scatter for impulse-strength measurements was not caused by instrumentation errors. The scatter for pulse-breakdown measurements was greater than for the d-c case. The maximum standard deviation here was about 14%. Figure 27 and Table 2 show that the impulse strength is higher than the corresponding d-c values over the whole temperature range and that the maximum disappears for l-gisec rise-time pulses but can still be discerned for 10-Jpsec pulses. These results agree with the earlier findings
11)
of von Hippel and Alger and will be discussed later. The pulse break- Summarizing some of our observations, we see the following:
28.
a) The d-c strength is smaller than the corresponding pulse strength over the entire temperature range covered.
b) The impulse and d-c electric strengths at 4. 2K do not differ appreciably from those at 770K.
c) The d-c maximum vanishes when l-psec rise-time pulses are used for measurement.
d) The pulse strength does not depend greatly on pulse duration.
e) The d-c strength for KC1-RbCl is higher than for pure KC1 at low temperatures but drops more sharply slightly above room temperature.
Furthermore, the pulse strength of those crystals rises to 1. 51 Mv/cm at 375 K while their d-c strength drops to 0. 60 Mv/cm at the same temperature.
Discussion
The breakdown mechanism with which this research is concerned is electron-impact ionization, avalanche formation with subsequent destruc-3) tion of the insulator. Von Hippel, who discovered this effect in solids, correlated it to the vibration spectrum of the material. In his initial discussion he made the simplifying assumption that excitation of the reststrahl vibration frequency as the highest polar mode was of main importance and that the breakdown strength of an ionic crystal might be connected in a first approximation to this mode by
where Emax is the breakdown strength, aw/2 the interionic distance, vmax the reststrahl frequency, and e the charge of an electron. This relation is based on the assumption that a conducting electron in a polar crystal is so strongly coupled to the lattice that it is practically in a state of constant impact. The electron was assumed to be coupled to the lattice by the field-produced distortion, which surrounds the conducting electron with a halo of countercharges. Energy transfer by vibrations results as soon as the halo structure cannot follow the electron adiabatically (polaron effect).
The difference between the static and optical dielectric constants is here decisive. our results is wider than in the d-c case and greater than the errors of pulse measurement. This has also been observed by Vorob'ev 2 4 ) and Kuchin. 13) Such increased scatter might be expected from the same causes which also raise the impulse-breakdown strength, since they involve an additional statistical spread. The presence of different distributions of dislocations and stresses in different samples must have some influence on the breakdown strength. Although some information on this subject has been reported previously,25) this situation is not clear yet.
As mentioned earlier, the quantitative theory for breakdown in ionic crystals is still far from satisfactory. Callen 19 )derived the breakdown strength of alkali halides by considering electron-phonon collisions.
The electron was considered to interact with lattice vibrations through the polarization field set up by longitudinal vibrations of the optical modes.
From the rate at which an electron loses energy to the vibrational modes he evaluated the relaxation time and determined the rate at which an electron gains energy from the external field. Equating these expressions gave the electric field necessary to accelerate an electron as a function of its energy. Using von Hippel's low-energy criterion, he then identified the maximum in the electric field versus electron energy plot as the breakdown strength for a given temperature. The breakdown-strength calculations of this theory for KC1 are compared in Fig. 30 with our experimental results for 1-isec rise-time pulses, where space-charge effects are minimized.
The polaron effect, not considered in this theory, may account for the fact that the experimental breakdown strength is greater than predicted, especial-24) G.A. Vorob'ev, Soy. Phys. -JETP 3, 225 (1956 following approximation: If we consider A the rate at which the external field supplies energy to an electron and B that at which it loses it to lattice vibrations, the breakdown strength can very roughly be determined from the equilibrium condition A=B.
When the applied field is such that A > B, electrons can be accelerated to impact ionization, and the insulator breaks down. Let the rate at which energy is supplied to the electron in KC1 be z m max where T is the relaxation time for electrons. Setting this expression equal to the rate of energy loss to the lattice, we obtain, for the breakdown strength Emax' E2 Bm max = e T Actually A and B are functions of electron energy, but we shall ignore this in our attempt to explain the difference in slopes. In KCI-RbCl,electron has already carried out some research in this direction with 100-and 1O00-jAsec rise-time pulses. Measurements should also be extended to very short rise times and to higher temperatures.
26) E. A. Konorova and L. A. Sorokina, Bull. Acad. Sci. U. S. S. R., Phys. Ser. , 22, 403 (1958) .
